Diamond-like carbon (DLC) is a metastable amorphous film that exhibits unique properties. However, a number of limitations exist regarding the use of DLC, for instance, its tribological characteristics. In this article, the fluorine and silicon incorporated diamond-like carbon (F-DLC and Si-DLC) films are studied, taking into account the tribological properties of these films compared with pure DLC. The structures of the films were characterized using Auger electron spectroscopy and Raman spectroscopy. The hardness and elastic modulus were evaluated by nanoindentation hardness testing. The friction behavior was assessed using ball-on-disk friction testing and optical microscopy. The results indicated that the deposited DLC films contained 0.6 -2.1 at.% F and 26.7 -38.4 at.% Si. A decrease in the hardness and elastic modulus was obtained as F increased in content, which was the opposite of the behavior observed in the Si-DLC films. This was due to the shifting in the G-peak position, which is related to the sp 3 bonding fraction in the film.
Introduction
Diamond-like carbon (DLC) films have been extensively studied as potential materials for many tribological applications due to their excellent properties, including high hardness values, low friction coefficients and high wear resistance [1] [2] [3] . Due to their high intrinsic compressive stress, however, DLC films are easily fractured or even peeled off from the substrate, which limits their widespread application. To overcome these limitations, additional elements such as F, N, O, Si and various metals have been introduced into DLC films [1] [4] . In particular, fluorine-doped DLC and silicon-doped DLC films are of significant interest because of their tribological properties, exhibiting a very low friction coefficient and the potential to improve wear performance in a humid atmosphere [5] [6] . Many researchers have extensively studied the friction behavior of DLC films doped with higher F contents. Hakovirta et al. reported that a 19.7
at.% F-DLC film tested against ruby (Al 2 O 3 :Cr) exhibited a friction coefficient of 0.10 [7] , and Prioli et al. reported that a 35 at.% F-DLC film tested against Si 3 N 4 exhibited a friction coefficient of 0.15 [8] . Additionally, there are many reports in the literature addressing the effect of low Si content on the mechanical properties of DLC films. For instance, Papakonstantinou et al. reported that hardness decreased until the Si content was 20 at.% [9] . Lee et al. showed that hardness significantly increased as the Si contents were increased but remained less than 5 at.%. When the Si content was larger than 5 at.%, the hardness exhibited a saturated behavior and slightly decreased at 17 at.% Si [10] . However, existing studies have rarely dealt with the mechanical and tribological properties of DLC films with low F and high Si contents.
In the present paper, plasma-based ion implantation (PBII) technique was utilized to prepare DLC films incorporated with two different elements, namely, fluorine and silicon (henceforth denoted F-DLC and Si-DLC, respectively). The aim of this study was to investigate the influence of low F and high Si contents on the tribological properties of DLC films.
Experimental Details

Samples Preparation
A schematic of the PBII system used for the deposition of the DLC, F-DLC and Si-DLC films on a silicon wafer was previously described in the literature [11] . The samples preparation before deposition process was also explained in details. The DLC, F-DLC and Si-DLC films were deposited by introducing a mixture of gases containing C 2 H 2 , CF 4 and Si(CH 3 ) 4 or tetramethylsilane (TMS) in a vacuum chamber using the parameters listed in Table 1 . A negative-pulsed bias voltage of 5 kV was used for the deposition, and the total thickness of the films was approximately 500 nm. The deposition pressure was also set to 2 Pa.
Characterization of the Films
The structure, mechanical and tribological properties of the films were studied using several characterization techniques. The relative atomic content was evaluated by Auger electron spectroscopy (JAMP-7800F). The structure of the films was analyzed using Raman spectroscopy (JASCO NRS-1000 DT) at an excitation wavelength of 532 nm and a spot size of 4 μm. The Raman spectra in the wavenumber region from 1000 -1800 cm −1 were deconvoluted into the Gaussian D and G peaks. The integrated area under the D and G peaks (I D and I G , respectively) was determined by curve fitting. The hardness and elastic modulus values were measured using a nanoindentation hardness tester (Hysitron, Inc.). A diamond indenter (Berkovich-type) with an indentation load of 1000 μN was used in this study. The friction behavior was assessed using ball-on-disk friction testing (RHESCA FPR-2100; Tribotester). The tribological tests were performed under dry air (0% RH) and ambient air (40% RH) at room temperature (20˚C). A 6 mm diameter Ti-6Al-4V ball slid over the surface of the films under an applied normal load of 1 N, a rotation radius of 3 mm, a linear speed of 31.4 mm/s, and 6000 frictional rotations. The morphology of the scar was characterized by optical microscope.
Results and Discussion
Film Composition by Auger Electron Spectroscopy (AES)
The relative atomic contents of F and Si were measured using AES, and they were normalized to a total of 100 at.% neglecting the hydrogen contribution, which could not be measured. Table 1 gives the relative atomic contents of C, F, Si and O in the films in at.%. To determine the origin of the oxygen, the surface was sputter-etched with argon ions for 60 sec. Oxygen was still found to be present in both the F-DLC and Si-DLC films and is likely to have originated from the gas precursors rather than from exposure of the surface to air [9] . The observed O may also be attributable to the destruction of the oxide layer on the substrate surface during ion implantation [12] . Since the Si-DLC had more oxygen content in the films, there is a possibility that the Si content in the film was easily oxidized.
Film Structure by Raman Spectroscopy
Raman spectroscopy is one of the most common techniques used to study the content, while the I D /I G ratio is proportional to the sp 2 /sp 3 ratio [13] . These two factors play a major role in assessing the Raman spectra. Figure by reducing the formation of large rings and chains [19] . Consequently, the sp 3 carbon transforms to sp 2 carbon. With increasing F contents, the large rings continue to grow and accelerate ring interlocking at the edge of the C-C network, leading to the formation of polymer-like structures [20] . Therefore, it can be concluded that incorporation of F into DLC films decreased the sp clusters, acting as an inhibitor to cluster formation, because the addition of Si is well known to form only four-fold coordinated networks (Si-C).
Hardness and Elastic Modulus Values
The hardness and elastic modulus values of the films as a function of the relative atomic contents of F and Si are shown in Figure 2 . Each value is the average of six measurements. The nanoindentation tests were performed to a depth less than 10% of the film thickness to avoid the effect of the substrate. The results indicated that both the hardness and elastic modulus values slightly decreased as the F content increased, varying from 18.9 GPa and 158 GPa without F to 17.8
GPa and 148 GPa at 2.1 at.% F. In DLC films, the decrease in hardness and elastic modulus is usually associated with a decrease in the sp 3 bonding fraction [24] .
Yao et al. attributed the decrease in the hardness and elastic modulus to changes in the microstructure since more sp 2 bonds were formed in the films due to the increase in the F content [18] . The substitution of strong C=C bonds by weaker Initially, these results were surprising and contradict those from other authors [24] [27]. That is, an increase in the TMS flow ratio leads to an increase in the hydrogen content in the films. The high hydrogen content in the films enhanced the formation of polymeric sp 3 C-H bonds, resulting in softer films. However, these contradicting results can be explained if we consider that the films fabricated by our technique were affected by the energy of the colliding particle.
Comparing the particle energy between the low and high Si content DLC films, the particles used during film growth with low Si contents may have more energy than those with high Si contents [28] . Highly energetic ion bombardment can destroy the microstructure of the DLC films and generate numerous defects, reducing the hardness and elastic modulus of the films. The effects of the ion bombardment decreased when the Si content increased, and more sp 3 -C and
Si-C bonds led to a significant increase in the hardness and elastic modulus values. Thus, the change in the colliding particles' energy sufficiently explains the changes in the hardness and elastic modulus of the films. Furthermore, the major contribution to hardness comes from C-C (sp ) bonding [29] . Due to the incorporation of Si into DLC films, some of these sp 2 -bonded cluster formations will be inhibited (as discussed earlier in Raman results) and replaced by stronger Si-C bonds. Therefore, when more Si content was incorporated into DLC film, it preferentially substituted these sp 2 -hybridized carbon bonds, removing more of these weak C=C bonds as Si content increased. This leads to an increase in the hardness and elastic modulus of the Si-DLC films with increasing Si content.
Friction Tests Measured in Ambient Air
The friction coefficients of the films with different F and Si contents measured in ambient air are shown in Figure 3 . For comparison, examinations were performed on a pure DLC film under the same conditions. The friction coefficients of the films were calculated from the average steady-state region. As shown in Figure 3 (a), the results indicated that the pure DLC film showed a high friction coefficient of approximately 0.18. As the amount of F slowly increased, the friction coefficients slightly decreased to 0.14 at 2.1 at.% F. Because the pure DLC film was deposited by hydrogenated plasma, it contained hydrogen. Hydrogenated DLC (a-C:H) films are known to exhibit low friction coefficients in an inert atmosphere or under vacuum [30] . Hydrogen termination of the dangling bonds of surface carbon atoms has been shown to be responsible for the low friction coefficient [30] [31]. When tested in an atmosphere with a high relative humidity, the friction coefficients of a-C:H coatings increased [32] . This can be ascribed to the fact that the polarized C-H bonds in a-C:H films absorb water molecules, which have great polarity, onto the film surface through intermolecular rocarbon groups, which terminate the surface active carbon [33] . Due to the most electronegative element of fluorine [34] , the formation of repulsive forces between the film and ball surfaces with fluorine atoms during sliding can occur.
Repulsive forces reduce the shear strength of the contact, leading to a weaker lateral friction force, thus lowering the friction coefficient [33] . This may be attributable to the reduction in the friction coefficients for the F-DLC films.
For the Si-DLC films, as shown in Figure 3( Si-DLC films was attributable to silica-gel-like sacrificial layers formed during friction tests. Furthermore, debris covering on the ball scar was not ferrous oxide but silicon-rich oxide [37] . Consequently, the formation of an oxide layer is probably the reason for the low friction coefficient.
The tribological behavior of the DLC films under dry sliding contact is normally controlled by a carbon-rich transfer layer formed on the counterpart surfaces, which prevents direct contact between the mating materials and the DLC films and establishes a new sliding interface [38] [39] [40] . To understand the friction behavior of the films, optical micrographs of the ball surfaces from the friction testing of the DLC, F-DLC and Si-DLC films are shown in Figure 4 .
Considerable differences on the transfer layer and wear scars were observed. A small transfer layer and wear scar area formed on the Ti-6Al-4V ball surfaces when they slid against a pure DLC film (Figure 4(a) ). A similar surface morphology was also observed on the DLC film with 0.6 at.% F (Figure 4(b) ). Due to a small amount of F in the DLC film, the friction coefficient was not different layer from an amorphous carbon coating incorporating F was established on the counterpart material [41] . The easy shear and chemical reactions of the transfer layer were essential to achieve low friction coefficient of the films.
In addition, when adding Si to a DLC film, the wear scar was largely covered by the transfer layer that was formed by agglomerated debris (Figures 4(e)-(g) ).
The formation of the transfer layer could dominate the friction behavior. Kim et al. suggested that Si-incorporated DLC enhanced the formation of silicon-rich oxide layer, which acted as a protective coating [42] . Therefore, the oxide layer 
Friction Tests Measured in Dry Air
However, the tribological behavior of DLC films remains sensitive to the envi- [43] . To understanding the friction behavior of these films, the friction coefficients and optical micrographs were also measured in dry air, as shown in Figure 5 and Figure The uniform wearing with a large wear scar was observed, while the accumulated debris formed and covered near the wear scar was slightly illustrated.
Therefore, a small amount of the formation of an oxide layer is probably the reason for the high friction coefficient.
Conclusion
DLC films with variable F and Si contents were synthesized on Si (100) wafers using the PBII technique. The films were investigated to determine the effects of elemental doping on the tribological properties. The deposited DLC film had small amounts of F and large amounts of Si, which were proportional to the gas ratio of CF 4 and TMS, respectively. The G-peak position shifted to higher wavenumbers with an increase in the F content, leading to a decrease in the hardness and elastic modulus, whereas the shift in the G-peak position to lower wavenumbers with an increase in the Si content indicated an increase in the hardness and elastic modulus. The change in the hardness and elastic modulus was related to the change in the microstructure corresponding to the sp 3 
